Abstract Endocannabinoids (ECs) are small lipid mediators that play a critical role in energy metabolism. Human studies have shown that the EC tone in peripheral tissues positively correlates with increased adiposity. Furthermore, pharmacological inhibition of EC signaling results in weight loss in humans. However, the mechanisms that cause the dysregulation of the EC system in obesity are not well-understood. Since the clinical utility of currently available EC blockers is severely limited due to their side effects like depression and suicidal ideation that are caused by central effects, it is important to delineate the role of central and peripheral effects of EC signaling in regulating glucose and lipid metabolism.
The increasing prevalence of obesity in developed and developing countries will worsen a pandemic of type 2 diabetes mellitus (DM2)-a major scourge of modern societies. Obesity and DM2 are two major risk factors that contribute to the development of cardiovascular disease, the number one cause of death throughout the world. Obesity along with a sedentary lifestyle often leads to insulin resistance and metabolic inflexibility that may eventually progress to DM2. The link between excessive nutrient intake and DM2 is poorly understood; yet delineating this relationship is one of the signal tasks ahead of us. Evidence is accumulating that insulin resistance (as defined by a lack of insulin action in vivo) is not necessarily due to a decrease of insulin receptor signaling in target organs like liver or adipose tissue. Instead, it may be due to either impaired insulin signaling in nonclassical organs like the hypothalamus that mediate important aspects of insulin action or due to the dysregulation of other signaling networks that interfere with distal steps of the insulin receptor signaling cascade. One such signaling system that seems to play an important role in linking obesity to diabetes is the endocannabinoid (EC) system.
The EC system and appetite regulation
ECs are bioactive lipid mediators such as anandamide (AEA) and 2-arachidonoylglycerol (2-AG) that are synthesized and released on demand. EC signaling participates in the regulation of myriad physiological functions ranging from pain perception, mood, and blood pressure to synaptic plasticity via activating the G-protein coupled receptors CB1 and CB2. CB1 receptors are highly abundant in the central nervous system (CNS), but are also expressed in many peripheral tissues such as white adipose tissue (WAT), liver, and muscle and have been shown to regulate energy metabolism [1] . CB2 receptors are primarily expressed by immune and hematopoietic cells. Recent studies indicate that CB2 receptors are also present in the pancreas and human WAT, yet their role in energy metabolism is not clearly defined [1] [2] [3] . Long before the EC system had been discovered, it was known that cannabis consumption gives you the "munchies." The underlying biology of this phenomenon has become clear with the realization that the CB1 receptor plays a critical role in appetite regulation. Systemic CB1 receptor activation increases food intake, whereas CB1 receptor blockade suppresses food intake. Further studies indicated that the modulation of brain CB1 receptor signaling mediates these effects on food intake [4, 5] . Since excess caloric intake is a major risk factor for the metabolic syndrome, it was initially thought that CB1 receptor antagonists like rimonabant improve glucose and lipid homeostasis by reducing food intake. However, it turned out that the role of the EC system in modulating energy homeostasis is not limited to appetite regulation.
Leptin regulates hypothalamic EC levels
The effects of CB1 receptor antagonists on energy homeostasis have considerable similarities to those of leptin, an adipocyte-derived hormone that also regulates food intake and nutrient partitioning chiefly through brain pathways. In leptin-deficient ob/ob mice, exogenous leptin administration suppresses food intake, increases energy expenditure, and improves glucose and lipid metabolism [6] [7] [8] . A potential crosstalk between the EC system and leptin signaling was suggested by the observation that, in mouse models of impaired leptin signaling either due to leptin deficiency (ob/ob mice), impaired leptin signaling (db/db mice that express a defective leptin receptor), or acquired leptin resistance (diet-induced obese mice), EC tone was increased. Elevated EC levels were found in the hypothalamus, but also in peripheral organs like the liver, pancreas, and WAT [4, 9, 10] . In leptin-sensitive ob/ob mice, acute leptin treatment reduced hypothalamic EC levels and systemic CB1 receptor blockade suppressed food intake in both db/db and ob/ob mice [4] . These findings suggest that ECs regulate food intake downstream of leptin signaling.
Food intake-independent effects of CB1 antagonists Intriguingly, long-term treatment with the CB1 receptor antagonist rimonabant made mice only temporarily hypophagic, whereas they continuously lost weight throughout the treatment course [11, 12] . Furthermore, CB1 receptor knock-out (KO) mice are resistant to diet-induced obesity although their food intake is not different from that of wildtype mice [13, 14] . Indeed, similar findings have been made in obese humans where large clinical trials have proven that rimonabant significantly lowered body weight and improved many features of the metabolic syndrome: Triglycerides, blood pressure and insulin resistance were reduced and high-density lipoproteins cholesterol was increased in both obese, but nondiabetic, persons and DM2 patients. These metabolic improvements were greater than those expected from the degree of weight loss in these patients, again suggesting that rimonabant improves the metabolic syndrome independent of food intake [15] [16] [17] . The mechanisms by which CB1 receptor antagonists improve lipid profile and glucose homeostasis include an increase in energy expenditure and β-oxidation [18, 19] and a suppression in lipogenesis in the liver and possibly WAT [10, 14] . One of the mediators involved may be adiponectin, an insulin-sensitizing adipokine, which is usually decreased in obesity. CB1 antagonists increase adiponectin levels and, therefore, increase insulin sensitivity [20, 21] .
The EC system is dysregulated in obesity
Obese human individuals have elevated AEA and 2-AG plasma levels compared to nonobese controls, indicating an increased systemic EC tone in obesity [22] [23] [24] . Since visceral fat plays an important role in the pathogenesis of the metabolic syndrome, it is particularly interesting that ECs are also elevated in this tissue in obese humans [9] . Interestingly, in humans, only plasma levels of 2-AG and not those of AEA positively correlate with increased visceral adiposity [23, 24] . Furthermore, a reduction of visceral adiposity in obese men by lifestyle intervention led to a decrease in 2-AG plasma levels [25] . What are likely reasons for the hyperactivity of the EC system in obesity? Increased adiposity potentially increases EC levels, as it has been shown that human adipocytes are capable of synthesizing ECs [26] . Immune cells such as macrophages represent an additional source for ECs in WAT [27] . The fact that excess caloric intake leads to increased macro-phage infiltration into WAT could contribute to the elevated EC levels in visceral fat depots of obese individuals, particularly as proinflammatory stimuli that trigger macrophage activation and infiltration have been shown to stimulate the synthesis of ECs by these cells [28] . However, it is still not clear what the relative quantitative contributions of macrophages versus adipocytes in releasing ECs are. It should be pointed out that, in high-fat diet-fed mice, increased levels of ECs have also been detected in other metabolically important organs such as the pancreas, muscle, brown adipose tissue, heart, and kidney [2, 29] and diverse mechanisms may be at work controlling EC tone in different tissues. Furthermore, the diet composition could modulate systemic EC tone as certain polyunsaturated fatty acids potentially serve as precursors for EC production [29, 30] . Glucocorticoids stimulate EC biosynthesis, and since glucocorticoids are elevated in obesity, they could be an important contributor to the increased EC tone observed in obese individuals [31] . The major degrading enzyme for AEA is fatty acid amide hydrolase (FAAH). FAAH expression in WAT negatively correlates with elevated AEA plasma concentrations in obese human subjects [22] . The exact reason for the low FAAH expression levels in obese individuals is not fully understood, but it may be a consequence of insulin resistance in adipocytes. In vitro, insulin induces FAAH expression and thereby decreases EC levels in adipocytes derived from insulin-sensitive humans, whereas in adipocytes of insulin-resistant humans, insulin fails to increase FAAH expression [32] . In keeping with this, hyperinsulinemia in lean human subjects increased FAAH gene expression in the subcutaneous fat compartment, but failed to do so in obese individuals [33] . Thus, insulin resistance may be a contributor to the increased EC tone in obesity and not just a consequence of increased EC levels. Vice versa, elevated ECs increase adiposity and, as a consequence, cause further insulin resistance, starting and perpetuating a vicious cycle [14, 23, 24] .
Central pathways regulate peripheral EC tone
Another possible mechanism that may contribute to an increased EC tone in obesity comes from the concept that the brain regulates metabolism in peripheral organs, like liver and WAT, and our realization that this brain control of metabolism is impaired in obesity and DM2. The brain assesses whole-body energy homeostasis by sensing the levels of nutrients and hormones and in turn orchestrates nutrient partitioning by either circulating factors or the autonomic nervous system [34, 35] . Studies investigating the mechanisms by which leptin regulates carbohydrate and lipid metabolism have advanced our understanding of this CNS control of metabolism and highlighted its importance as almost all effects of this major adiposity signal are mediated via the brain. Systemic administered leptin leads to a selective loss of adiposity while preserving lean body mass. This occurs in part independent of food intake by increasing mitochondrial oxidation of fatty acids and suppression of lipogenesis in WAT [36, 37] . Since ECs promote lipogenesis in WAT [14, 20] , one could speculate that leptin controls WAT lipogenesis by regulating the EC tone in WAT via the brain. Indeed, at least in SpragueDawley rats, leptin suppresses lipogenesis and EC tone in epidydimal WAT when it is directly infused into the mediobasal hypothalamus (MBH), a key brain area for the regulation of whole-body energy homeostasis. This regulation of WAT metabolism by MBH leptin is independent of caloric intake, circulating glucose, and insulin levels, but it does depend on the ability of MBH leptin to decrease EC levels, since systemic CB1 receptor activation blunts the suppression of lipogenesis in epidydimal WAT by MBH leptin (see Fig. 1 ) [38] . As obesity is almost invariably associated with central leptin resistance, it is conceivable that part of the hyperactivity of the EC system in obesity is due to a failure of central leptin to restrain WAT EC tone. At present, it remains unclear if and how central pathways regulate the EC tone in other fat depots such as subcutaneous, mesenteric, and perirenal WAT where ECs may be differentially regulated under high-fat diet conditions [2] .
An important question that still needs to be answered is if the effects of systemic CB1 receptor activation on lipogenesis are mediated through direct WAT CB1 receptor activation or if this occurs through central CB1 receptors. This has clinical relevance since drugs like rimonabant or taranabant [39] have recently been taken off the market due to their side effect profile of increased anxiety, depression, and suicidal ideation. These psychiatric side effects result from the central actions of these drugs that do cross the blood-brain barrier.
Peripheral versus central effects of EC signaling
Potential direct effects of ECs on WAT metabolism are depicted in Fig. 1 . In cultured adipocytes, CB1 receptor activation increases lipoprotein lipase (LPL) activity as well as fatty acid synthase (FAS) mRNA expression [14, 20] . Both enzymes potentially increase triglyceride content in adipocytes: LPL through enhanced very low-density lipoprotein hydrolysis and fatty acid uptake and FAS through increased de novo lipogenesis. Glucose uptake is enhanced due to the translocation of glucose transporter 4 (GLUT4) resembling insulin action in WAT in an in vitro model of transfected adipocytes (Fig. 1) , although it remains unclear whether this reflects in vivo physiology [40, 41] . This may sound paradoxical, as high EC levels seem to be associated with systemic insulin resistance rather than with insulin-like actions, but it is not yet clear if ECs impair peripheral glucose utilization (uptake into muscle and WAT) versus hepatic insulin action (i.e., insulin's ability to suppress hepatic glucose production) or both. Furthermore, it has not been investigated if ECs still have these insulin-like properties in adipocytes from insulin-resistant individuals. Thus, whether these direct effects of CB1 receptor activation also occur in vivo and have physiological relevance in the regulation of WAT metabolism is unclear at present.
Since the promise of CB1 antagonists, like rimonabant, to be effective drugs against obesity and the metabolic syndrome is severely diminished by their unfavorable side effects, a better understanding of the peripheral and central effects of CB1 antagonists is an important task ahead of us as it would provide a rationale to develop peripherally restricted CB1 antagonists [16, 17, 42] . Nogueiras et al. tried to address this question by comparing the effects of intracerebroventricular (ICV) versus systemic CB1 receptor blockade on energy metabolism [43] . Systemic CB1 receptor blockade increased lipid mobilization and enhanced glucose uptake more so than ICV. However, systemic administration does lead to both central and peripheral CB1 antagonism, whereas the ICV dose chosen in the study is unlikely to result in CB1 antagonism in the whole CNS (3 mg/rat/day systemic versus only 5 μg/rat/day ICV). One approach to uncouple central from peripheral EC effects in the regulation of WAT, for example, would be to block EC signaling in the brain during systemic CB1 agonism. Another approach could be to denervate WAT and infuse CB1 agonists or antagonists systemically [38] . The denervation would obliterate any CNS effects on WAT metabolism that are mediated through the autonomic nervous system, which plays a pivotal role in the brain control of metabolism. To gather more definitive data, tissue-specific CB1 receptor KO models would be valuable in defining peripheral EC action. The first and so far only tissue-specific KO is a hepatocyte-specific CB1 receptor KO (LCB1 KO) which has a revealing phenotype. LCB1 KO mice do become obese when challenged with a high-fat sympathetic innervations. The finding that central leptin also lowers adipose tissue EC tone has several implications. First, ECs could be important local mediators in the brain control of adipose tissue metabolism as CB1 receptor activation has been shown to increase LPL activity and mRNA levels of lipogenic enzymes such as FAS. ECs also potentially increase glucose uptake by inducing GLUT4 translocation to the membrane. This is mainly based on in vitro data (dashed lines) and awaits in vivo confirmation. The important role that ECs play in the brain regulation of adipose tissue metabolism is highlighted by the fact that the ability of hypothalamic leptin to suppress lipogenesis is lost when CB1 receptor agonists are infused into the circulation. Finally, as obesity and DM2 are tightly associated with central leptin resistance, it is possible that the elevated EC tone in peripheral organs like adipose tissue that is commonly found in these conditions is due to a failure of the brain-mediated restrain of the EC tone diet, but are markedly less susceptible to high-fat dietinduced insulin resistance, hepatic steatosis, and dyslipidemia compared to controls [19] . Intriguingly, these findings suggest that the major sequelae of the metabolic syndrome (for which high-fat diet feeding is a common model in rodents) can be dissociated from adiposity by peripheral CB1 antagonism. Furthermore, LCB1 KO mice develop a similar degree of obesity as wild-type mice when challenged by a high-fat diet which indicates that the fat massreducing effects of systemic CB1 receptor antagonists occur via extrahepatic CB1 receptors. Further studies into the role of peripheral CB1 receptor signaling via either tissuespecific KO models of muscle, pancreas, and WAT or via the use of peripherally restricted CB1 agonist and antagonists will be critically important.
Taken together, the dysregulation of the EC system in human obesity and DM2 plays an important role in the development of dyslipidemia, impaired glucose tolerance, and hepatic steatosis and adiposity. Since leptin has the ability to restrain the EC tone at least in WAT, it is possible that part of the elevated peripheral EC tone is caused by hypothalamic leptin resistance. Whether this applies to other tissues like liver and muscle remains to be investigated. Likewise, how other hormones like insulin or nutrients that also participate in the brain control of metabolism impact the EC system needs further study. We have a long way to go in understanding the details of the brain control of metabolism and the peripheral mediators that exert this control in target tissues like WAT and liver. Finally, the development of peripherally restricted CB1 receptor antagonists may be a promising strategy to tackle the metabolic syndrome and these may avoid the prohibitive side effects of the currently available CB1 receptor antagonists.
